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I. INTRODUCTION

This year marks the tenth anniversary of the discovery of the
J/¢. During this time much experimental data and theoretical
understanding has been accumutated for heavy quark systems.

Heavy guark systems have a very clean spectroscopy which allows
precision measurements of all the basic properties of the states
(mass, spin, parity, and charge conjugation), as well as transition
and decay rates. In particular, the analysis of the observed
spectrum of {cc) and (bb) resonances shown in Figure 1 has provided
important insight into the physics of heavy guark-antiguark
{quarkonium) systems. In addition to these systems, the Tlow-lying
states with the associated new flavor (i.e. one heavy quark and one
1ight quark system) have been observed for the (cu), (cd}, (cs),
(bu), and (bd) systems.

From a theoretical point of view heavy quark systems are
interesting because they are relatively simple systems. To a good
approximation the quark motion 1in these bound states should be
nonrelativistic. For the ground state of a (QQ) system we may
determine the conditions under which the system will be
nonrelativistic by a simple application of the Virial Theorem and
the Uncertainty Principle.

The average kinetic energy of the system, <K.E.>, is related to

the potential energy via the Virial Theorem:

dv
& (1.1)

2
P, -1
<K.E.> <2m> 5 R
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Figure 1: The experimentally observed spectrum for the (cc) and
(bb) systems. Above threshold for Zweig allowed decays the
association between structure 1in R and potential model states is

provisional. This is especially true for the (bB) system.
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and by the Uncertainty Principle <R

In Q.E.D. <v2/cz> ~aZ where I is the change of the nucleus;
therefore the system is nonrelativistic for o << 1 independent of
the reduced mass of the system. The situation for Q.C.D. is more
complicated. 1f V(R) = ARB then RHYZ .« (mga) V/(2*8), and there
will be some threshold value of the reduéed mass, m, for which the
system would be expected to be nonrelativistic. For large R, we
expect V(R} = KR where K is the string tension (=(400 MeV)z). Thus,
for example, <v‘?/c2>1/2 < 0.5 vrequires a heavy quark mass mQ(=2m)
greater than about 1 GeV.

Within the standard electroweak model with three generations of
quarks and leptons there remains only one missing element -- the
top quark. In my lectures I will apply what is known about heavy
quark systems to the top system —- both toponium and open top. Many
properties of these systems can be predicted. I will also discuss
what can be Jlearned from toponium about gquarkonium physics under
reatistic experimental conditions. Section 2 contains a discussion
of the spectrum of toponium states: the expected excitation
spectrum, the implications for probing the heavy quark potential,
and an estimate of the fine and hyperfine splittings. Section 3
contains a discussion of production and decay properties. In
particular, the growing importance of electroweak effects on the

decays of toponium states is emphasized. The properties of the



Tow-1ying oper top mesons are also discussed. Section 4 is devoted
to consideration of some more exotic possibilities for the top
system. In particular, three possibilities are considered: (1) The
influence of light charged or neutral Higgs-1ike scalars on toponium
decays; (2) Possible direct production of J =1 (tt) P-states via
the axial vector coupling of the 7% o (tt); and (3) Toponium -- 2°
interference effects which would result if the mass difference
between some toponium resonance and the 20 were less than the width
of the U,

In the remainder of this introductory section I will discuss
the present situation for the nonrelativistic potential between
heavy quarks. For a particularly ciear general review of the theory
of heavy quark systems -- potentials, spin dependent forces, and
hadronic transitions -- [ refer the reader to the 1983 SLAC Summer
Schoel Lectures by M. Peskin.[l] In my lectures I will assume the

reader is familiar with this material and will restrict my

discussion of theoretical issues to recent developments.

The Nonrelativistic Potential

For small R (<.1 fm), the heavy quark potential can be

calculated 1in Q.C.D. perturbation theory. The leading behavior of

the result can be expressed in momentum space as:[2’3]

V(@) = - § dnegy (@) /F (1.3)

where 6 = momentum conjugate to B. The running coupling 05(32) is



given by:[a]

2,2
o (62) ~ i - 4”b1 " Tn(a ! )) + 0( 1 ) )
T P be (@2 /%) b3 (1n(62/A2))2 (1n(62/A2))3

(1.4)

where b0 =11 - 2/3Nf and b1 = 102 - IONf - 8/3Nf. Nf is the number
of effective quark flavors (Nf=4 for the top system). A 1is the
scale parameter for the minimum subtraction-bar renormalization
scheme.

This expression can be transformed to position space,[S] to

obtain:

VQ.C.D.(R)

where

b1 1n{1n(1/R%4%))

4x
a_{R) ~ 1- —
S R0 [bo1n(1/R2A2)]{ b5 n(1/R%%)

+ B/In(1/R%A) + ...}

and

_§'_9Nf]+27E

and vE is the Euler constant (~.5772). Unfortunately for the (cc)
and (bb) systems we require knowledge of the potential outside the

region of validity of perturbation theory. This larger R region can



be studied numerically using Tlattice methods as 1 will discuss
below, however so far no analytic methods exist. The result has
been a wide variety of phenomenological potentials.

The phenomenological potentials can be separated into two broad
categories. The first category incorporates to some approximation
the expected behavior of Q.C.D. at short distance (-4/3 uS(R)/R)

and Yong distance (KR). Two simple examples of this type are:

(1) Cornell Model:(®]
V(R) = -K/R + R/a% + C (1.7)

where K = .48, a = 2.36(GeV) "

, and C = -.256 GeV
and

(2) Richardson’s Mode]:[7]

va) = [0 (TR ¢ Lo ] +C 1.8
) (Zn ﬁ[ 3 621n(1+62/A ) -

where A = .398 GeV and C = 0.0 (input).

The second category is motivated purely by the data on (cc) and
(bb) systems. Two simple models are motivated by the approximate
equality of the T'-T and the y'-v mass difference. For a potential
of the form V(R) = AR® the nonrelativistic Schroedinger Equation can
be reexpressed in a form independent of mQ and dependent only on p =

/(2+B). Hence, if En is the

ER and e = E/(ZmQ)£2 where £ = (Amo)l

energy of the nth excited state, then for any simple power law

(scaling) potential (kE -t  )/(E -E ) is independent of m.. Mass
1 M Ny My Q

independent spacing requires B8=0. Two specific potentials which



exhibit this behavior are:

{3} Power Law:[s]
TN (1.9)

where A = 5.82 GeV, R, = 1(GeV)™!

, B =.104, and C = -6.377
(4) Logarithmic Model:! %]
V(R) = A Tn(R/Ry) + C (1.10)

1

where A = .70 GeV, Ry = 2.0(GeV) ", and C = -.121 GeV.

Fitting the parameters using the (bb) system, all four of these
potentials fit the gross spectrum of the (cc) system very well.
This is less surprising than it might first appear. When one adds
the overall constant (C) to the potentials so that they agree at
R=.4 fm and then piots the potentials fitted to the (bb) system in
the same figure, one finds all these potentials are in remarkable
numerical agreement within the region .1 fm ¢ R < 1 fm (See Figure
2).  Since the RMS radius of each of the {cc) and (bb) states below
threshold for Zweig allowed decays 1is in this range of R, the
agreement of the predictions of these various potentials is easily
understood.

Another popular approach has been to use the inverse scattering

method[lo]

to determine the potential directly from the data. The
potential so determined agrees well with those shown in Figure 2.
Furthermore, the potential constructed from the data in the (cc)
system agrees well with that constructed from the data in the (bb)
system.[113 This supports the expectation in Q.C.D. of the flavor

independence of the potential.

GeV.
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Figure 2: Phenomenological potentials for the {QU) system. The RMS

radii of the observed (cc) and (bb) states are indicated by markers.
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From the phenomenological considerations we have obtained a
well defined potential for .1 fm < R < 1. fm. How does this
potential agree with Q.C.D.7

There can be no complete answer to this guestion at the present
time; however, numerical studies of the interquark potential have
been done using the lattice formultation of Q.C.D.Ilz] For example,
the results of a recent study by S. Otto and J. Stack[l3] are shown
in Figure 3. Before comparing these results with the
phenomenological potential a few words of caution are necessary.
Most importantly, the present lattice calculations are done in the
quenched approximation {i.e., in the absence of internal light quark
toops). The effects of quark loops (or equivalently coupling to
real and virtual hadronic decay channels} will certainly modify the
effective potential between the heavy quarks. The result of the
Cornell Group's work on the effects of coupling to decay channels on
the effective potential in the (cc) system[6] suggests that these
effects on the parameters of the potential are of the order of
10-20% for R in the range of .1 to 1. fm. Another important caveat
is that the size of the systematic errors in lattice calculations is
not very accurately known yet. The simplest way to compare the
lattice potential with the phenomenological potentials is to note
that the logarithmic model gives a good fit in the range of R probed
by the (cc) and (bb) systems; hence plotting V//K versus In(vRR)
shoﬁ1d give an approximate straight line for a wide range of R. The
result of doing this plot is shown in Figure 4. The agreement is

clearly good.



-11-

y el ¥ L]
W .}
ot
|
1.0 + 1) )
nd
'3
&
4
0.0 o P 1
B
# o 7.6
[ o 7.2
_1.0 L e} a 6.8 i
e 6.4
° o 6.2
e 2 6.1
20k a 6.0
0]
0.5 1.0 1.5

VKR

Figure 3: The SU(3) Heavy Quark Potential determined on a
12 x 12 x 12 x 16 lattice. No internal light quark loops have been
included. K is the Q.C.D. string tension. From Ref. 13.
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(solid curve) with a logarithmic form {dotted straight line).
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If we attempt to compare the lattice potential with the
phenomenological potentials numerically, the physical value of the
string tension, K, is required. The hadronic string tension is
expected to have a value around (400 MeV)Z. If this value is wused
the potentials can be compared directly. The comparison with
vK = 400 MeV for the Cornell Model is shown 1in Figure 5. It s
interesting to adjust the value of v/K to obtain the best fit (at
large R} for the Cornell Model since it 1is expected to have the
proper Q.C.D. behavior at large R. The resulting value is

K

It

480 MeV. The comparison of the lattice potential with

vE = 480 MeV for both the Cornell and Richardson's Model is shown in
Figure 6. The agreement is quite good.

Cther lattice Ca1cu1ations[14] have determined that A

Lattice/‘/K
= §.63 «x 10_3. Using this result and the relation between ALattice
__.[15]
and AMS'
ALattice = 1./38.8 Aﬂg . (1.11)

We can convert the wmeasurement of K provided by the

phenomenclogical heavy gquark potentials into a measurement of s

Mg = 180 Mev . (1.12)
A phenomenologically acceptable value.
To summarize the present situation with regard to the
nonrelativistic potential for heavy quark - antiquark systemsi
(1) The potential is known very accurately in the range

.1 fm <R <1 fm. A1l the phenomenological potentials are
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Figure 5: Comparison of the Cornell Model potential with the

lattice result of Fig. 3. Here vK = 400 MeV.
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Figure 6: Comparison of both the Cornell Model (solid 1line) and

Richardson's Model (dashed line) with the lattice results. Here

vK = 480 MeV.
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essentially identical (numerically) in this region. Remaining
differences 1in this range are small compared to the
relativistic corrections which have not been incorporated in
this analysis.

{2} For R<.1 fm the phenomenological potentials differ
significantly, but Q.C.D. perturbation theory dictates the
correct form.

(3) The flavor independence of the potentials has been tested by
the agreement of the potentials fitted to the (bb) system with
the spectrum of the (cc) states and model independently by the
inverse scattering method.

{(4) The interguark potential in Q.C.D. determined by Tlattice
methods is in good agreement with the phenomenological
potentials discussed here.

We can conclude from (1)-{4) above that the nonrelativistic
potential is well determined and flavor independent for R<1 fm. For

larger distances the effects of open channels cannot be ignored.[lﬁ]

I1. TOPONIUM SPECTROSCOPY
The nonrelativistic potential provides a simple and reliable
mode! of heavy (QQ) physics for the (bb) and {cC) systems. How will
the top system fit into this framework?
It should be clear that the nonrelativistic approximation
should be even better for the (tt) than for the (bb) systém since

the mass of the top quark must be at 1east[17]



-]17~

m, > 22.7 GeV . (2.1)

t
The best upper bound on the top quark mass arises from the
requirement that the top quark does not renormalize low energy
electroweak  observables more than consistent with experiment

uncertainties. In particular,

2
i W 3GFm
pzm——=1+4—

M

ot No

(2.2)

where m,>>m. . A recent compilation by Marciano and Sir1inl18] of

neutral-current cross-section measurements yields a value

p = 1.02

1+

.02 (2.3)

This suggests, a bound

m, < 350 GeV (2.4)
for the top quark mass.

Recently, the UAl Co]laboration[lg] has announced preliminary
evidence for the top quark, with 30 GeVsmt$6O GeV. I will focus my
discussion on this mass range for top and will use the median value
45 GeV when required to use a particular mass in the discussion. As
we shall see, this mass range is also very interesting theoretically
as it 1is a transitional region between standard quarkonium physiés
for lower masses and the dominance of electroweak physics for higher
masses.

To begin the discussion of toponium spectroscopy, consider the

impact the top system will have on our knowledge of the
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nonrelativistic potential. The ground state 1351 (tt) state has a
RMS radius of approximateiy‘.06 fm for mt=45 GeV. In this region of
R the various phenomenological potentials differ considerably. The
short distance behavior of the four potentials we have discussed is
shown in Figure 7. It is clear from the figure that it will be easy
to distinguish the short distance behavior predicted by Q.C.D.
(incorporated in Richardson's Model) from other potential forms.

One simple guantity which shows the sensitivity of the toponium
system to the short range piece of the potential is the mass
difference between the 2°S; and 135, (tf) states. This mass
difference 1is shown for various potentials in Figure 8. In as much
as Richardson's potential has the correct short distance behavior,
we Tust conclude that all other potentials which do not have this
behavior wiil fail badly in describing the properties of the
Tow-lying  (tf) states. Two conclusions follow immediately:
(1) Simple scaling arguments[zg] for the dependence of observables
on my (which work well in going from the (cc) to (bb) systems) will
generally fail in going from the (bb) to (tt) systems; and (2) The
difference between a potential which has a fixed coupling strength
for the {oulomb contribution (e.g. the Cornell Model} and one with
a running coupling as expected in Q.C.D. {e.g. Richardson's Model)
is significant.

It has been suggested[21] that we may use the strong dependence
of the properties of the lTow-lying toponium spectrum to dir;ctly
measure as(R) and in this way extract a measurement of A in Q.C.D.

As seen in Figure 8, the splittings of low-lying toponium are in
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Fig. 2 plotted as a function of top quark mass m, .
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fact quite sensitive to the running of aS(R) given via Eg. (1.6)}.
However for top quark masses less than =100 GeV/c2 even the ground
state is still sensitive to the intermediate distance (R>.1 fm)
behavior of the potential and thus does not provide a clean test of
perturbative Q.C.D.[22] To see this consider the potential given in
Q.C.D. perturbation theory as R30 given by Egs. (1.5) and (1.6).
The comparison of this potential for various values of Aﬁg with
Richardson's potential is shown in Figure 9. As R 1increases the
perturbative potential becomes wunreliable; and it is necessary to
cutoff the large R behavior in some way. But if the properties of
the state were determined by the sufficiently short distance
behavior, this cutoff would be immaterial. (Assuming of course that
the potential increases monotonically for all R.) For explicit
comparison I will choose to stop the running of us(R) when aS(R)=.5.
It §s clear that without the 1long range confining feature of
Richardson's potential the wavefunction would extend to Tlarger
distance; hence the RMS radius and the wavefunction at the origin of
the ground state 1~ (tl) system should be sensitive to remaining
effects of nonperturbative contributions to the potential.

Comparing results for various potentials we have:
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Figure 9: Comparison of Richardson's potential (dashed curve) with
the potential (solid curve) given by perturbative Q.C.D. in
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and 0.4 GeV). ‘
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Potential <RV (tmy IS ® (kev)
Richardson .058 8.5
0.C.D. A=.1 GeV 080 3.2
Q.C.D. A=.2 GeV .076 3.6
Q.C.D. A=.3 GeV .070 4.4
Q.C.D. A=.4 GeV .063 5.5

From this comparison we can conclude that Q.C.D. perturbation
theory 1is not sufficient for computing the properties of the ground
state of the (tt) system for m,=45 Gev/cL.

In view of the considerations above, I will use only
Richardson's potential for all results for the top system in the
balance of these ltectures.

As the first application of quarkonium physics to the top
system, consider the spectrum (ignoring relativistic corrections) of
(tt) states below the threshold for Zweig allowed decays into a pair
of mesons with open top. This threshold can be estimated by
comparisen to the bottom system[23] If MT is the mass of the ground
state pseudoscalar (tu) open top meson, and MB is the mass of the

corresponding pseudoscalar in the (bu) system (M;=5.273 GeV), then
B

MT -m, = MB -m 4 3/4 (MB* - MB)(l’mb/mt) (2.6}
where MB**MB ~50 MeV/c and mb=4.8 GeV. Thus

- -

Mp=m + 43 GeV . (2.7)
The spectrum of (tt) states for mt=45 GeV is shown in Figdure

10. Let me mention some of the impressive features of this
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spectrum:

(1)
(2}

(3)

(6)

Some

(a)

The ground state 1S (tt) state is 2.415 GeV below threshold.
There are 12 S states below threshold and hence relatively
narrow.

The spacing between successive S states decreases from 946 MeV
for the 25-1S splitting to less than 100 MeV for states near
threshold. In particular, the 125-115 splitting is oniy
80 MeV.

The maximum orbital angular momentum for which the associated
ground state is below threshold is L=17.

Remembering that for each § state shown there are two
degenerate states (S$=0) J=0 and (S=1) J=1 and for every other
L value there are four degenerate states (3=0) J=L and (S571)
J=L+1, L, L-1; there are a total of 424 (tt) states below
threshold.

Since the states near threshold are quite densely packed, they

are ideal for application of semiclassical (WKBJ) methods.[zo]

of the other useful properties of the low-lying states are:

The Binding Energies

tt State Binding Energy [2M;-m{tt)]
(MeV)
1S 2,415
) 946
25 1,469
> 39 -
35 1,110
1P 1,566

1D 1,235
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(b}  For the 1S (tt) state

w12 = 0.058 fm

w22 2 g.1g

(c} The electronic widths of the n351 states are given by

22
re+e_(n) ] 16 ega "
0 C,.3
Mn(tt)

2

(0)1 (2.8)

n

We will postpone the discussion of electroweak corrections
until the next section; however the perturbative Q.C.0. corrections

can be included to ltowest order in @ to give

+ -~ + - 16a_(2m, )
ee e (:1- — L4 0ed) ) (2.9)

For the 1S5 state

+ -
rg °(1) = 8.5 kev (2.10)

with a strong correction factor ~.8. For the excited states

r,/ry = .27
ry/ry = .11 and Ty,/y = .05 (2.11)
r,/Ty = .075

Finally consider the effects of dincluding the leading
relativistic corrections -- the spin-dependent splittings -- which
give the fine and hyperfine structure of the spectrum.

For a discussion of the theory of spin-dependent forces see
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Ref. 1. The general result for the spin-dependent potent1a1[24] is
3 o>
v @ §1 T ?2-L o o, 24V,
Spin 2m2 2m2 dR dR
Dependent i 2
=3
, (31;32)'L 1 :g (2.12)
12
3m M5 §1 §2

1 a2 A ]
. EEEE|(§1-R)(§2-R) -1 §2] v

where (ml,gl) and (m2,§2) refer to the mass and spin of the quark
and antiquark respectively. & (R) is the nonrelativistic potential
in Q.C.D. The potentials Vi(R) (i=1,...,4) are the spin-dependent
potentials which can be determined numerically in principle by
Lattice Monte Carlo methods. So far this has not been done, and
thus we must rely to some extent on phenomenological assumptions to
obtain these potentials.

In the last year an important new relation between these V's

has been shown by D. Gromes[zs] to hold in Q.C.D. He shows that

Vl(R)= VZ(R)-Q(R) {2.13)
This relation makes the simplest phenomenological assumption[za]
about the nature of Electric Confinement (i.e., Vl’ VZ’ V3, and V4
all short range and hence perturbatively calculable) inconsistent

with Q.C.D. Both V1 and V2 cannot be simultaneously short range
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since by definition §(R) contains the long range confining part of
the potential, The most straightforward remedy to this situation is
to assume that only those potentials which arise from correlations
involving the gauge magnetic field and alsc depend on the position
of both the quark and antiguark are short range.[zs] With this
revised assumption as to the consequences of Electric Confinement,
v

V3, and V4 would be assumed to be short range. This has the

2&
feature that long range contributions still arise only 1in the
Spin-Orbit terms, however the form of their appearance is modified.

The Spin-Orbit terms in Eq. (2.13) can now be reexpressed as:

-

Vepin (R) =(§1—§+§3~;)3ﬁ(-‘—’%ﬂ+2v2(n)) (2.14)
Orbit amp 2m,
(5,43,)T 4

+ ——r—n~i—r—n-£—--—- R VZ(R)

This form of Electric Confinement Model is now in agreement with the
so-called Scalar Confinement Mode]s[26] for the spin-dependent
forces. Hence there now seems to be a common model of the
spin-dependent forces. The Scalar Confinement Models have long been
known to be phencmenologically favored in the (cc) system.[27] This
development provides & very satisfying resolution to the previous
problems modeling the spin-dependent forces.[zal

| Let us turn from general discussion to specific app]igation to
the (tt) system. It will suffice for our purposes to make rough

estimates of the fine and hyperfine splittings in the (tE) system.
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The hyperfine mass spiitting between the spin triplet and

singiet S states

A(nS) = m(n351) - m(n1

SO) (2.15)}
is determined by the V4 term in Eq. (2.13). It is expected that
this interaction is short range and hence calcultable in perturbation
theory. The result in perturbation theory is given by[29]

3 Iwn(0)|2
3 wlns)

-
a(nS) = 4n 3 a—g(M)[1+ uﬁs + ...] (2.16)

where

§1n02/M2>nS
£ = 0.562 + 0.375 s (2.17)

1o, (0)1
using AM§=.17 GeV which fits the b=, splitting and gives T-ny,
splitting =30 MeV/c we can determine the splitting for the (tt)
system. For m=45 GeV, agc(m p)=.12 and the ofc term in Eq. (2.16)

is only a 10% correction. Ignoring this small correction we have

B/9 age _t+ -
A(nS) = 2 18 € (n) (2.18)
€q “EM

using Eg. (2.i0) and {2.11)

A(1S)

n

40 MeV
(2.19)

A(2S) = 11 MeV :

[

and
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+

+ - -
A(nS) = r?ni /r?1§ A(15) n>2

Thus the possibility of observing the singlet states through these
M1 transitions is remote. The ground state 1SD(tE) state (nt) can
also be accessed via hadronic or hindered Ml transitions from the

excited S states (e.g. the 23

Sl(tf) state). 1 postpone the
discussion of this possibility until the next Jlecture. The
spin-orbit and tensor structure of Eg. (2.13) contributes to the

triplet P state splittings. These splittings have been measured in

the {(cc) (27 and (bB)[30] systems. In general we may write
3 -
m{ P2) = MO +a-2/bc¢
m(PPy) = My~ a+ 2 (2.20)
m(%Py) = My ~ 2a - 4c

where MO is the mass of the Center of Gravity of the triplet P state

system, a is the spin-orbit contribution

a = Eif {‘(% g ¥ 2<R ar > } (2.21)

and ¢ is the tensor contribution

¢ = v3> . (2.22)
3mt P

Here <‘>p denotes the expectation in the nonrelativistic P state.
In order to obtain a rough estimate of the size of these sp11tt1ngs

in the (tf) system, we can approximate & by the Cornell Model
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Coulomb ptus linear form. While VZ and V3 are given in perturbation

theory and are of the form:

5 (2.23)

The long range part of the splitting comes from the term

(K/R)lpz 5 Gev® (2.24)

while the short range part comes from

G5

with a typical value of as(eff)z.z. Hence the perturbative

> = ag(eff)x20 Gev’ (2.25)
1p

contribution clearly dominates; very 1ittle can be learned about the
nonperturbative contributions from the study of the fine structure
of the low-lying P states. Even more disappointingly, for the

triplet 1P state

2 MeVY

o
l

(2.26}
.7 MeV

o]
L

making the splittings (Eg. 2.20) unobservably smaltl.
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[I1. PRODUCTION AND DECAY
Observation of the rich spectrum of (tt) states shown in Figure

PC=1" state in

10 depends on the production properties for the J
ete”™ collisions. Below threshold for lweig allowed hadronic decays
some of the (tt) states with different JPC may be accessed through
hadronic and photonic transitions from the excited triplet § states.
The decay rates of the n3S1 states are needed to determine the
retevant branching fractions of these transitions and thus to assess
the feasibility of observing these other states. Above threshold
the principal decay of the n351(tf) states is into pairs of open top
mesons.

I now turn to this discussion of production and decay both

below and above threshold for open top decay.

Toponium Decays

The spin triplet (tf) ground state (351) has only direct decays
via (tt) annihilation or weak decay of one of the top quarks. The
excited states can decay both directly and by hadronic and photonic
transitions to Tower mass (tf) states.

First consider the decays of the lTowest 351 state. Since the
top quark masses is so large we can no longer ignore the full
electroweak interactions. It will be assumed in this section that
]MV—MZ[>>FZ {the width of the ZO) so that mixing between any (tt)
state (V) and the ZO can be treated perturbatively. The situation

in the special case that le-MZISFZ is discussed in the final
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lecture. Then denoting u; = (u’c’t’“e’“u’“t) for i=1,...,6 and

d1 = {d,s,b,e,u,t) for i=l,...,6
o= lealo F oot +a, Fy oot
9 += {1—75)
i
+ 7g[wpfuiy 7 fa, * hc

(1+75) (1+75)
z B z M
R T R Y T Re T T fdi

where 9 is the weak coupling, N is the Weinberg angle, MZ=93 GeV,
and Mw282 GeV. The couplings LfE(13)f—ZQfxw and Rfs—ZQfxw where

(13)f=+1 for f=u1 and -1 for f=d1, Qf is the fermion's charge, and

—cin?
x,=sin"e,.

The decays of the 1351(tf) state (V) intc charged leptons
proceed through the virtual photon and Z0 as shown in Figure lla.
The ratio of the total leptonic decays to the contribution from

virtual photons is given by[31’32]
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{a)

Y ' 1
\' ll...lqzzzzz::::=--—~<:: +V llIllllegzza:::::-.-—*<::
Y /) 2°

LY |

(b)

(c)

Figure 11: Processes contributing to V decays into: (a) charged

lepton pairs, (b) neutrino pairs, and (c) quark pairs, bw denotes

the bottom quark weak eigenstate.
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+, -
Re L) g,
F(V_}Hrll_+1‘ "—)

(LR ) (L, Ry | mE/md (1w md)

1 A2

- (3.2)
Qe Bxy(1-xy) (1-m$/m%)2+r§/m§
2,02 4 4
L, 1 (Lt+Rt)2(L;+R;) mvfmz
22 2 2 2, 2.2,.2,.2
QtQ; 64xw(1-xw) (1—mv/mz) +1"z/mz
where LL=—1+2XW’ RL:ZXN’ and Lt+Rt=—1+8/3xw. Therefore
2A2A2
_ 16707Q,Q 16a (M)
r(vrt17) = R —Mz—t& |wv(0)|2( -5 ). (3.3
'

For decays into neutrinos only the virtual 20 can contribute.

The process is shown in Figure 11b. The decay rate is

2 160_(M,)
-, = lbna Va sty
F(V-)\)&vx) = MS HJV(OH (1" 3y + ... )

(1-8 /,x,) 2 (axCe (1-2x,)%)

X
64x5(1-x,)

(3.4)

4, 4
my/my

2,2.2,..2, 27

Annihilation to final states involving qiai via y or ZO in the
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s channel or W in the t channel is shown in Figure 1lc. For the W
exchange contribution the momentum transfer is t~-Ms/4. If we ignore
the masses of all final state guarks and approximate the W exchange

by a point interaction (-t<<Mﬁ), then[33]

F(¥2a3;) 3 Q2 R(L.,R,.Q.» L ,R ,0)
= L) 2 “’ Y ;]
F(v_)u,rn__’x""&-) q j" .:' ﬁ' q g q
2 2 2
fﬁqtng My 5 (1+.§'ig_)
X
W ME o+ 174 MG 8
2 2
U, 15 L (L,+R,) M
1 1Y% qlte ™ v
-3 5 5 (3.5)

Q¢ 32x§(1-x,)

m%/m%(l—m%/m%) ME__
NI PN 1+
(l-mvfmz) + I‘Z/mZ M

4

| M M
27 7 . 22( 14— )
32x5 0F (M3 + 14 M3 gL

Where R was defined in £q. (3.1) with Lq = (':3)q - ZQq Xy and

RCI = - ZQq Xy The K-M matrix U couples the top quark to a linear

combination of the bottom, strange, and down quark (denoted bw)

O s

which is predominately the bottom quark.
Finally the weak decay of the top quark is shown in Figure 1Z.
The rate for the weak top quark decay in the 1imit my ¢ my is

given by[34}
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Figure 12: V decays associated with top quark weak decays. f1 and

f., are any pair of quarks or leptons which couple to the Wt as

2
shawn.
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2.5
Gem
=11 f = lepton{ “F t
I\(\'F-’difl?Z) - { 3 f = quark } 19295
(3.6)
2 4 2x3)

) > [ 2(1-3x
We e 1 104q, | ox 2
i XM
0 (1Y 4 2l
M2 W oW
W
where d; = b, s, or d and (f1,F,) = (u.d), (c,5), (ve,e“}, (Vu,p—)

or (vT,T‘). Of course for My > m, * m the real W decays will

dominate; then

GFmE 5 mﬁ 2 2m5
T{VobtW ) = Bal? lUtb] 1- ;E 1+ ;§~ (3.7)
t t

3

The other decay modes of the 51 (tt) states are the usual

gluon decays shown in Figure 13. We have[35}

3
r¥3q) . 5 wz—g)”s(Mv) (3.8)
oty T 2
and
T{V32gy) _ 16 «_ (3.9)

r(V23g) 5 o

Some more exotic decays are discussed in the next lecture.

Combining the various decays we can compute the branching
ratios for virtual electroweak decays (Egs. {3.2), {3.3), (3.4} and
{3.5))}, weak top decays {Eq. {3.6)), three gluon decays (Eq. (3.8})}),

and photon plus two gluon decay (Eq. {3.9)). The results as a
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(a) | g
V

g

g

(b) y
V

g

Figure 13: Processes contributing to V decay rate associated with:
(a) strong {i.e. three gluon) decays and (b) single photon and two

giuon decays.
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function of the top quark mass are shown in Figure 14, The two most
prominent features of Figure 14 are:
{1) For toponium masses near the ZO mass the decays of the ground
351 state are completely dominated by the virtual Z0 decays;
and
{2} For mtszO/Z the weak decay of the top quark via a virtual W
begin to become dominant. Hence the standard strong
interaction decays which dominated ¢ and T decays become
relatively unimportant for mtde GeV/cz, the electroweak
interactions become dominant.

The theory for hadronic transitions has been discussed recentty
in Ref. 1. The basic calculational approach is to make a multipole
expansion for gluon radiation similar to the wusual multipole
expansion for photon radiation. The main difficulty is how to model
the gluon to light hadron transitions. Kuang and Yan[36] have used
a vibrating string model for the total rates for the transitions
n351+m351+2n and n3514m150+n. The resuits for the 2n transitions are
shown in Figure 15. To estimate the total hadronic transition rates
they simply ignore hadronization of the produced gluons.

The photon transitions can be calculated by standard methods.

The largest photonic transitions are £E1 transitions. For example,

the transitions nSSlamgPJ+y proceed at the rate:

3 - 16a

3
PJ+Y) = 253 k

gy (05,0 (2J+1)|deR U (RIR Uo(RIZ (3.10)

where k is the photon momentum and UnS and UmP are the radiail
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Figure 14: The decay branching ratios for the 1351 (tt) state (V)
as a function of the top quark mass. The solid curve is the
contribution of the virtual electroweak decays; the dotted curve the
three gluon decays; the dot-dashed curve the W® weak decays of the

top quark; and the dashed curve the two gluon-photon decays.
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- — Tl (2s—=Is+ww)
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Figure 15: The hadronic transitions n3

S1 -+ m3sl plus two pions.
The solid curve is the (n=2, m=1) transition; the dot-dashed curve
is the (n=2, ml) transition; the dashed curve is the (n=4, m=l)
transition; and the dotted curve is the (n=4, m=2) .transit1ons.

This figure is taken from Ref. 36.
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wavefunctions of the nS and mP state, respectively. For m, in the
range 20-60 GeV/cZ the photonic transitions for low-lying excited
351(ti) states scale approximately as 4(mb/mt)2/3 from the
corresponding state in the (bb) system,

The resulting partial decay widths for direct decays, hadronic
transitions, and photonic transitions for a representative excited
351 state are shown in Figure 16. Again for top quark masses
a0 GeV/c2 direct decays dominate. This makes the (tt) states with

PC

J'" other than 1 essentially dinaccessible via transitions from

excited 351 states.

Production of Toponium and Open Top

. N .
The production of a narrow resonance (V) in e e collisions has

an integrated area

fdw sR(H) = 2 r(vaete”) (3.11)

o
where AR is the enhancement in R at center of mass energy W due to
the resonance
a(e’e™av)

AR(W) = —S1& - . (3.12)
afe’e ™y n )

By convention the cross section 1is compared to the p+p' Cross
section (through the virtual photon onily) to define R. The peak R
is determined in terms of the mean center of mass energy sp}ead of

the collider (AW} s DY
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Figure 16: The partial widths of the 3351 (tt) state as a function
of top quark mass m, (in GeV). The direct decays and photonic and
hadronic transitions are shown. For the transitions the branching

ratios (in percents) are shown at various values of m, .
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91 (Ve e )

Roeak = 52 TaW),—_ Jor (3.13)

rms

For the Stanford Linear Collider (SLC) the expected resolution is

E 2
(W), = 100 ( e ) MeV (3.14a)
While for LEP the nominal (Aw)mS is
_ Ebeam

We can apply these general vresults to the toponium (tt)

resonances below threshold for Iweig allowed decays. For the 138

1
state F(e+e_)=8 keV so at SLC with an average luminosity
E 2
& = 2x1031[sgeggv] em 2sec™? (3.15)
£ 2
= 2000nb"/da E%E%gv]
we have [37]
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+ - + - +
ee 3 all ee Fdpp

GeV (Background) (Signat) {Background)  (Signal}

50 7 34 1.03 3.4

60 9 22 1.08 2.1

70 14 18 1.3 1.3

80 43 18 2.2 .85

90 830 110 28, 3.8

93 5710 600 191. 24.

96 1020 134 35. 4.5
100 248 38 9. 1.2

The ratio of Rpeak to Rbackground (for LEP) as a function of center

of mass energy is shown in Figure 17. These results do not include
radiative corrections which would vresult in the following

modifications: (371 (a) = 2.355(AK)

observed Rz(corrected)=2/3

rms?
Rz(bare), and ARV(corrected)zl/2 ARV(bare). The reader should also
be cautioned that when a (tt) resonance lies within the width of the
I peak, ther can be imporiant interference effects which are ignored
here. (This is discussed in the next lecture.)

Since a AR=1 corresponds to approximately two events per day
with the luminosity gqiven in Eq. (3.15), it should be relatively
easy to observe the lowest 351(tf) state with any mass in the range
accessible to LEPI and SLC. However the situation for the excited
states is more compliicated. The electronic widths decrease rapidly
for the excited n3S1 state. Using Eg. (2.11) and the above table of
AR(1S), we see that AR is already {2 for the 3351 resonance except
near ihe ZO pole. Hence only a few of the low-lying 351 resonances

in the (ti) system will be easily observable for toponium masses

away from the ZO pole. Even in the vicinity of the ZO pole, because
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*/-S(GeV)

Figure 17: The ratio of R at the peak of the 1351 (tt)} resonance to
the background {continuum) R is shown as a function of resonance

mass (GeV) for the energy resolution expected at LEP. (Figure fis

taken from Ref. 37.)
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the spacing between successive levels decreases with increasing n
(as shown in Fiqure 10), resolving the separate resonance near
threshold will be problematic. For example, the (12351-11351)
splitting is only 80 MeV. Resclution better than the nominal
100 MeV  resolution at SLC will be required.  However 50 MeV
resoiution should be sufficient to resolve this structure.

As the threshold for Zweig allowed decays is crossed the (tf)
resonances <can decay into open top meson pairs; hence the natural
widths of these states will be significantly enhanced. The
corresponding threshold region in the {cc) and (bb) systems is shown
in Figures 18a and 18b. As in these other systems, the AR above
thresheld in the (tt) systems would be expected to have structure
for slightly less than 1 GeV above threshold and the widths of
resonances Jjust above threshold to be 30-50 MeV. Since the energy
resolution of the colliders in this energy range 1is at Teast as
large as these widths any structure in the peaks associated with the
opening of individual decay channels will be washed out. If the
machine resolution 1is worse than ~80 MeV the resonances in the
threshold region will overlap Teaving a relatively smooth AR as
threshold 1is crossed. Even if 40 MeV resolution is achieved, the
natural widths of states above threshold will not be wmuch larger
than resolution; hence the distinction between narrow resonances
below threshold and wide resonances above will be blurred. Thus we
will not be able to use the shape of AR to infer when the open top
production threshold has been crossed.[38]

Finally we consider the decay products of the (tt) resonances
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above threshold -~ the open top mesons. There are some novel
features of the low-lying open top mesons.

The open top system is an ideal heavy (Q)} - 1light (q) quark
system. In non-relativistic quantum mechanics the energy of a two

body system (20) depends on the particle masses through the reduced

mass

m~m
=49 =5 -

W o (3.16)
"My

Sla
+

i.e., y becomes independent of mQ as moam. The corrections Gzl) due

to finite mQ are partially given by the second term in y which
represents recoil corrections and the spin-spin a;gsj and tensor
(8?) hyperfine interaction. The spin-orbit interaction has a piece
(EES) which survives even in mQam 1imit as well as 1/mQ correction
term (8{1_5). Hence the mass of a heavy-light system can be expanded

in powers of l/mQ to give:[6’23]

Minsasd"Cimt) = my + [EQ im0 + T3 &N ]

2
m
+ ﬁé {S’Q-S’q&gs(n,;) + lez(%(n,},) ¥ (3.17)
3
m
gty g el 3)
g0

- s Fy 1 : .

L4 . N - = . .
where le nJ&jl(gq R)(gq R) 3 gq §q[nJ;J> Note that the terms
independent of mQ depend only on fz=;(x+1), §§=3/4, and 3=f+§q.

Unfortunately, for reduced masses puSl GeV potential wmodel
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calculations of the various energies (§'s) are unreliably. Hence
for the (tu), {td), and (ts) meson systems one is forced to use data
from some other heavy-light system to determine the €'s. The oniy

data presently available 1is for the ground (15} states: (D*,D)O’+

-,0

for the (cu) and {cd) systems, and (B*,B) for the {bu) and {bd)

systems.
For the ground states of (Qu) and (Qd) systems Eq. (3.17)

simplifies to
M= m +g0 4 ﬂpzzlﬁqéqusgs) . (3.18)

So the hyperfine splitting is

M0 ] - M sped | = o WG 0D} (3.19)

o

Thus

M(B¥) - M(B) = Ei [m(D*)—m(D)] . 3.5[145 MeV] = 50 MeV  (3.20)

in agreement with recent measurement.[41] For the open top system we

denote
0 = 35 (t0) ™ = 35 (4d)
o 1. .- T (3.21)
T = s (th) T = s,(td)
Using Eq. (3.18) we conclude
Mh
[m(T*) - m(T)] = b [m(B*) , m{B)] . (3.22)

—+
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For mt=45 GeV and using Eq. (3.20) and (3.22) we expect

m(T*) - m(T) = 6 MeV . (3.23)
This mass splitting is much smaller than expected width of (tt)
resonances above thresholds. = Hence mass differences do not
significantly alter the statistical ratios for relative production
of TT, T*T+TT*, and T*T* final states {1:4:7). The dominate decay
mode for (tt) resonances near threshold should be T+1x (42)

The mass difference between vector and pseudoscalar open top
mesons is so small that it dis comparable to the T+~-T0 mass
splitting. To accurately estimate this last mass splitting,
remember two sources of this T+—TD mass splitting must be included.
First, the current algebra up-down quark mass difference. This was
estimated by Lane and Neinberg[a3]; md-mu=4.84. Second, electroweak
gauge interactions. In this second class we include:

{1) t channel y and ZU exchanges with the general form:
eQeq(AO+A1/mQ),
{2) electroweak contributions to the quark masses themselves with
the general form e581+9282, and
{3) interactions involving additional quark loops.
To a good approximation we may ignore interaction terms with
additional quark loops and hyperfine terms (i.e., Al/mQ); then the

mass splitting will be identical to the (cd) and (cu) systems.
so[44]
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Yy - m) = 4.7 £ .3 Mev (3.24)

m(T+) - m(TO) = m(D
and since only the Al/mt term is sensitive to the difference between

T* and T we have to the same good approximation

Oy = m7hy - m(1% . (3.25)

m(T**) = m(T*
The spectrum of ground state open top mesons is shown in Figure 19.
The only allowed transition of T* to T is via a M1l photonic

transition. The rate is

2
1 3% €

P(T*nT) = % a k (—— ¥ —9) (3.26)
3 my mq

where mq~300 MeV and k=6 MeV. Thus

(T T) = eg(s.s ev) (3.27)

while the weak decays via virtual W proceed at the rate

8

r ~
192x

2 5
Semy

T*) = T) cm (3.28)

weak( weak( 3

: — 2 . .
which for mt—d5 GeV/c™ gives T weak 30 keV. Hence the transition

T*4y+7 is completely unobservab?e.[31]

The excitation spectrum for the open top meson systems (tE) and
(tb) can be calculated using nonrelativistic potentials and
spin-dependent corrections as in the (cc) and (bb) systems. The
results for the nonrelativistic spectrum are shown in Figure 20.
For the (tu), (td) and (ts) systems all we can say with confidence

is that the excitation spectrum is independent of my up to

corrections of order (300 MeV/mt).
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Figure 19: The excitation spectrum for ground state spin zero
{pseudoscalar) and spin 1 {vector} open top mesons. TO, T*0 are the

{tu) states while T+, 'l'm+ are the corresponding (td) states.
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Figure 20: The excitation spectrum for heavy-heavy systems js shown
as a function of the reduced mass in GeY of the system. fhe
excitation energy (in GeV) is computed using the Cornell potential
of Ref. 6. The slanted dashed 1line 1is the threshold for Zweig
allowed decays while the vertical dashed lines are the reduced mass

at the (cc), {tT), (bB), and (tb) systems left to right.
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IvV. SOME EXOTIC POSSIBILITIES
Here [ will discuss three nonstandard possibilities for the
physics of the toponium system.

Decays Involving Higgs-Like Scalars

The scalar sector of the electroweak interactions is still
completely unknown experimentally. In the minimal (W-S)} model there
is oniy one doubiet of elementary scalar fields and the only
physical state after EW symmetry breakdown is a neutral Higgs scalar
HO. In non-minimal models or extended technicclor medels there can

be more than one doub1et.[45] There the set of physical spin zero

1o

fields include two neutral (HO, ) and a pair of charged (H+,H-)

fields. If these scalars are sufficiently 1ight the ground state

351 (tt) will have decay modes involving these scalars.

Far the standard neutral Higgs scalar (HO) the 1381 state

{denoted below by V) may decay into HO plus photon. This Wilczek
0

process[aﬁ] is shown in Fig. 2la. For m{H ) < m{V)
0. _ S m, .
T{Vay4H') = —— 11 - =5 | T (Vo u ) (4.1)
JZ O T mv ||7||

where Fnyu is the decay rate through only the virtual proton. The

branching ratio for this decay is shown in Fig. 22 for

M(V) = 75 Gev. Since aR .. is 18 and = 203 emZsec™ at SLC for
v¥8 = 75 GeY  there are 35 events/day of V production. For
m(HO) = 60 GeV the branching ratio shown in Fig. 22 is apprpximately

0

1% and hence there are ~100 events/year for the H  + y decay.
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Figure 21: The decays of 1381 (tt) state (denoted V here) involving
electroweak scalar decay products. The decay to neutral Higgs
scalar and photon is shown in (a} and the semi-weak decay of the top

quark to possible charged Higgs and bottom quark is shown in (b).
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MV= 75 Gev
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Figure 22: The branching ratio of 1351(tf) (denoted V) to y+HD as a

function of m 0 Here MV=75 GeV. Figure taken from Ref. 37.
H
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For m{(V) > 75 GeV the direct decay of V through the virtual ZO
s channel pole and top quark decays dominate (see Fig. 14). This
makes the decay mode HO + v unobservably small even with no
kinematic suppression due to m(HO).
In non minimal models there are aiso charged spinless particles
(H'). The coupling of H' to tb is

Uy MGy (v2) /2 (4.2)

tb Mt
and the decay process for the toponium resonance V is shown in
Fig. 21b. If the decay t = W'+ b s kinematically allowed it will
completely dominate all other decays of any (tf) system as shown in
Fig. 23. Seeing conventional top quark decays into electrons in the
UAl experiment at the SppS collider rules out any H' which couples

to mass with m(H+) $my - 5 GeV.

Direct P State Production

Because the ZO has an axial vector coupling as well as a vector
coupling the L= 1™ states of the (tt) system can also be
directly produced in efe™ collisions (see Fig. 24). However
nonrelativistically the wave function at the origin vanished except
for S states, hence the production will be suppressed relative to S
state vector production. The strongest production will be for the

smatlest orbital angular momentum -- the P states. This possibility

has been studied in detail by J. Kuhn and S. Ono.[47] The production
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Figure 23: The dotted Tine represents 1/80 of the width for the
decay of the 1351 toponium state of mass MV into a charged Higgs
scalar of mass 8 GeV. The total and electronic decay widths are
shown for comparison. The potential model dependency of the usual
decays is modeled by using two extreme cases. The solid (dashed)
)ines are based on Coulombic wave functions (scalar laws) discussed
in Ref. 33. The contribution from weak decays at the.top quark is
also shown explicitly (spectator 1ine}. The figure is taken from

Ref. 33).
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Figure 24: Direct production in e'e” collision of the n3P1 (tT}

states through the axial vector coupling of the virtual 20.
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rate for e'e” = 3P1(tf) state through the virtual ZO is given using

£q. (3.1) from the partial decay rate

2.2 2
) 3w IR (0)]
r ( 3 (tE) o e'e ) =8¢ (GFM22)2 3 (4.3)

where th(O); is the derivative of the radial wavefunction at the

origin for the particular P state. For Mt = 45 GeV:

State IR0} (fm2/2
1p 2375
2p 1985
For the 1P(tt) state at My = M;
r (13P1a e+e_) = 22 keV . (4.4)

At SLC this corresponds to a ARpeak
3

the 1 Pl(tf) state at a rate of approximately 50 events/day. Of

= 23 and therefore production of

course for top masses much below mz/Z the 20 contribution is small

and consequently direct P state production is unocbservabie.
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Toponium—Z0 Mixing

As the mass of any n3

S(tt) state (V) becomes sufficiently
close to the ZO mass the mixing between these two states may become
significant and lead to large interference effects. The coupling of
V to ZO is depicted in Fig. 25. This coupling is of order e and has
the dimensions of mass squared. Defining the coupling to be e 9y7°

there will be no significant mixing for

1

eg «1 . (4.5)

o suz (M%—M% ir, M, |
00

The width of the V state has been ignored in Eq. (4.5) since it is

only 20 keV without mixing to the ZO. Vector meson dominance

determines the photon coupling to V[48]
while for the ZO coupling

Sz o1 ) (4.7)

For m, = 45 GeV the 1S, state has |v,(0)1° = 64 GeV® and thus

e g7 = 20 6eVe (4.8)

Now near the 20 pole (Mszz) Eq. (4.5) becomes
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Figure 25: Lowest order mixing between the toponium state (denoted

V) and the 2.

oA
f
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“ovz 1 = 0.11 GeV | gy (4.9)
Thus the mixing is very small unless |MV - le 4 r,.

Recently the interference between toponium and the ZO has been
studied in detail by P. Franzini and F. 6i1manl®®] and also

J.H. Kuhn, and P.M. Zerwas.tso] Here I will discuss only the simple
model of V - Z0 mixing proposed by F.M. Renard[51]. I have however
modified the discussion to be consistent with these new studies.
The reader is referred to Refs. [49] and [50] for more compiete
discussions.

Consider the mixing of ZO with single resonance V of the
toponium system which is below the threshold for decays into open
top. Starting with the unmixed states denoted |V0> and IZO> and the

complex mass matrix

M, - ir m
YA - I 1y/? \ Vi (4.10)
m - ir
we can determine the physical eigenstates.

The real part of the mixing term is simply

egy; el1-8/3 sin’e,) Ol

Re(m,;) = = . V3 —— {4.11
vZ 2 MV 2sin 29w JMV )

while the Im (mVZ) = 0 below threshold. Above threshold the
imaginary part arising from open top meson pair intermediate states

can be significant.
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The physical eigenstates |V> and |Z> can be expressed in terms

of the bare states using a complex angle 6.

bZ>

cose |21, + sing |V
0 0 (4.12)
IV

-sing 120> + Cose lVO>
The orthogonality of the physical states (V> and 12>
requires[52]

V> = 0 (4.13)

which implies

2 m
- Vi

—z s A (4.14}
o 1AF0/2

0 0 0 0
where AMO = M7 - MV and AFO E F7 - Fv.

With a little trigonometry we may reexpress Fq. (4.14} as

(A2a -y 1V
2JA2+1 A small

sine A2 . {4.15)

Now the shifts of masses and modifications of widths are

determined by

0 .0 . 2 ,
= [Mz-1F2/2] + sin‘e [-aMg+1/2 aT) (4.16)

+ sin 26 mVZ
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Hence defining GMZ z MZ - Mg and 8T, = ry - rg we have

sMy - 1/2 8T = my, (A+1/a% - 1/a) .

0,0 . -5
Now FV/I“Z = 1.3 x 10

(4.17)

. so we can ignore re in our analysis, thus

Arozrg. Using Eqs. (4.11) and (4.8) in Eq. (4.18) we conclude that

jAl € 0.45 everywhere

therefore

(4.18)

. i 1 3
s My - i/2 8T, = myy [ Laso (A ) ]

where

1
A=2m
VZ (aM,-1/2 ar)

Finally using

Vi V> = M

1
—
—

v V/2

we conclude that

_ 0
where § MV = MV - MV

and GFV = FV - FV'

(4.19)

(4.20)

(4.21)

0 In particular
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2 0
m r
Vi 1
fr, = - 7. = : : (4.22)
Vv z [{5MO]2 + ng/d]

The resulting shift of the ZG mass and the induced width of the
toponium resonance V are shown in Fig. 26. The shift of the ZO mass
associated with toponium mixing is very small and will not be
measured directly in any envisioned collider.

‘The interference between V and ZO will show up 1in AR 1in the

0

region of the I~ pole. Here I will consider only some particular

final state ff (e.g. u'y") produced in e'e” collisions. Define

dys - the coupling of the state |V> to the final state (ff).
and

dy¢ - the coupling of the state {Z> to the same final state (F).
then

0 0 .
Gys T yg COS8 - gyesing
(4.23)

97¢ = ggf cose + gefsine
where ggf and ggf are the associated couplings to the unmixed states
:V0> and t20>.

The ratio for production of the final state ff through the V
and £ resonances to the production p+p* through the virtual photon

only is given by
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Figure 26: The mass shift (in MeV) of the 2° pole (Fig. a) and the
Induced width (in MeV) of the toponium state V (fig. b) as a
function of the mass difference aM = m(Vg) - m{Zgy) (in GeV).
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Ayn9 g-.9 2
R = SZ[l Ve Vf + levif ] (4.24)

. 7
(s-MEyHT M, (s-MS)+iT M,

. : 0 0 L mas
Since r(VO4a11) ~ 20 keV we can ignore gy and g.. In this Timit

0 . 0
gi(e) ® -sinsng(e) and ng(e) = coseng(e) (4.25)

50

2
0,0 0,0 sin"®
Re = Sz[(gzggze)(gz$ng)' (S-M%HF M )

vy
(4.26)
()]
(s~MZ)+irZMZ
oo+
For e e 24 p~ as an example we have
2.2
.. (L§+R§)(LP+RH)(| cos2e
= 2 7, .
B eaxG(1-x,) (1-M5/5)+1T M, /s
(4.27)

. st 2)
2 .
(1-M,/s)+ir\M,/s

To illustrate the interference pattern produced by Eq. (4.27)

consider AM,. = MO - MO = -1 GeV; then r, = 10.8 MeV and
0 v P v

] MZ = 3.9 MeV. The resulting interference pattern 1is shown in

Fig. 27. In our limit (r8=0) there is an exact zero at /s = Mg.[53]

For AMO =0, FV = 16.8 MeV, & MZ = 0.0 and Rp is shown in Fig. 28.

The interference is totally destructive here and a spectacular
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Figure 27: The behaviour of R in the p+p- exclusive channel (Rp}
with a 351 toponium resonance in the vicinity of the Z0 pole. The
solid curve is the result when the unshifted mass of the toponium
resonance m{V) 1is chosen to be 1 GeV below the unshifted Z0 mass
m(Z); i.e. the bare mass difference aM = m(V) - m{Z) = -1 GeV. The
dashed curve shows the Ry for the Z0 pole a1one: The horizontal

axis is Vs - m(ZO) {in GeV), where /5 is the center of mass energy

of the ete” collider.
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Figure 28: The behaviour of Rp for AM = 0. The toponium state is

degenerate in mass with the 20. The notation is given in Fig. 27.
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narrow dip results. Ffor amo = +] GeV, the pattern {is Just the
reflection about amg = 0 of the Amy = -1 GeV case. The result is
shown 1in Fig. 29. We have not taken account of the experiment
resolution. With a vs resolution of 100 MeV most of the structure
will be washed out. These matters are discussed in more detail in

Ref. (49).

V. SUMMARY

In the standard electroweak model with three generations of
fermions only the top quark remains to be discovered. In these
tectures 1 have considered the expected properties of the top system
-- both toponium and open top. Emphasis has been placed on what can
be learned from the top system about the strong interactions between
heavy quarks, i.e. quarkonium physics.

The top quark mass must 1ie in a range between the experimental
tower bound of 22.7 GeV and upper bound of approximately 350 GeV.
However for masses above 60 GeV top physics is completely dominated
by the weak decay of the top quark. In fact only few Towest
toponium states will be observable as distinct resonances. The mass
range below 60 GeV is more interesting. It is the transition region
between the dominance of strong interaction physics in Tess massive
guarkonium systems and the dominance of electroweak physics in
heavier. systems. [ have concentrated on this mass range. Indeed,
the physics for the top mass about one half the ZO mass is

particulary rich.

The conclusions about quarkonium physics for the top system can
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be organized under the headings of spectroscopy, toponium decays,
production of toponium and open top, and exotic physics
possibilities.

First et me summarize the results for (tl) spectroscopy. The
spectrum of (tt) states below threshold is shown in Figure 10 for
mt=45 GeV. Below threshold for Zweig allowed decays, there are 12 S
states, orbitally excited states with L as large 17, and in total
424 states. Naively one would expect to lTearn a great deal about
quarkonium physics from this system. However the situation is not
as bright as it appears. Some information about the nonrelativistic
potential will certainly be obtained -- for example, measuring the
¢S - 1S energy splitting should rule out phenomenological potentials
which do not have the short distance behavior expected in Q.C.D.
But perturbative Q.C.D. alone will not even be sufficient to
describe all the properties of the 15 ground state of toponium (for
top masses below 60 GeV). Essentially no new information about the
relativistic corrections to the potential will be obtained from the
top system. The fine and hyperfine splittings of Jow-lying
multiplets wili be dominated by the perturbative contribution.
Hence the long range part of the spin dependent forces will not be
tested. Even more discouraging 1is the fact that the total fine
structure splittings in the 1P states are so small as to be
experimentally unobservable.

In the decays of toponium states the emergence of electroweak
physics become clear as the top quark mass increases. The decays of

3

the S1 (tt) ground state are shown in Figure 14. Near the Z0 mass
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the decays are dominated by virtual ZO decays and above this mass by
weak top decays. For excited states the situation, shown in Figure
16, is the same. Since the direct decays dominate for mt>d0 GeV the

other JpC

{(tt) states become 1inaccessible via transitions from
excited S states.

The production in e'e” collisions of the 1351 (tt) ground state
resonance should be observable for any top quark mass within the
kinematically assessible energy range at LEPI. However  the
situation for excited states is more complicated. The electronic
widths decrease rapidly with increasing radial gquantum number.

Already, AR < 2 for the 3 S state {except very near the 7 pole).

peak
Furthermore with the resolution expected at SLC it will be
problematic to resolve separate 351 state resonances near threshold
since the spacing between successive states will only be about
80 MeV. Above threshold the toponium states wil) decay into open
top mesons. The hyperfine splittings between the pseudoscalar (T}
and vector {T*) open top states is so small that it is comparable to
the electroweak mass difference between the charged and neutral
states. This is shown 1in Figure 20. Both the T* and the T will
decay weakly. The M1 transition between the T* and T has an
unobservably small branching ratio. Because the experimental energy
resolution is comparable to the natural width of toponium states
above threshold, the usual distinction between narrow states below
and wide states above threshoid will be blurred.

Finally a few exotic possibilities have been considered. If

there 1is a charged Higgs scalar with a mass sufficiently below the
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top mass then the semiweak decay of the top quark into this charged
Higgs boson and a bottom quark will dominate the (tt) decays. The
more conventional neutral Higgs can be observed via the Wilczek
mechanism for masses up to 60 GeV with a 1 S (tt) state of mass

0

75 GeV. Near the 7~ mass there can be direct production of 3P1 (tt)

states at an observable rate. This production is due to the axial
vector couplings of the 20. Most interestingiy, if the toponium
system is very close to the ZO mass interference effects can be
large. This results 1in an induced width of the 1351 toponium
resonance of approximately 20 MeV (see Figure 26), and some
spectacular effects in R. Some examples of the effects in R of
mixing of a single 1331 toponium resonance with the ZO are shown in
Figures 27-29.

The top system is the tast hurrah for standard quarkonium
physics 1in two distinct senses. First, of course, within the
standard model with three generations the top quark 1is the only
remaining quark system. But also the top system with my £ B0 GeV is
at the boundary between the dominance of ordinary strong interaction
physics {Q.C.D.) and electroweak interaction physics. As the mass
increases the toponium resonances decay increasingly via weak decays
of the top quark. This leads to large widths which will eventually
smear out the distinct rescnances. Also the branching ratios for
transitions from excited S states to (tt) states with other JPC

become unobservably small. So also in this second sense the top

system is the last hurrah for standard quarkonijum physics.
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